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In the present paper, we verify the eectiveness of the two-relaxation-time (TRT) collision operator in re-
ducing boundary slip computed by the immersed boundary-lattice Boltzmann method (IB-LBM). Rigorous
analysis of the symmetric shear flows reveals that the relaxation time for the antisymmetric part controls
the velocity gradient, the boundary velocity, and the boundary slip velocity computed by the IB-LBM. We
demonstrate analytically and numerically that the error of the boundary velocity is caused by the smoothing
technique using the delta function used in the interpolation method. In the simulation of the flow past a cir-
cular cylinder, the IB-LBM based on the implicit correction method with the TRT succeeds in preventing the
flow penetration through the solid surface as well as unphysical velocity distortion. The drag coecient, the
wake length, and the separation points calculated by the present IB-LBM agree well with previous studies
at Re = 10, 20, and 40.
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2. Immersed Boundary-Lattice Boltzmann Method
(1) ???????? (LBM)
a) ????????? (SRT)
????????? (single relaxation time, SRT)??
??????????????????? fk ??
fk(x + ekt; t + t) = fk(x; t)
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a) Direct forcing method [3]
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?–1 Schematic diagrams of a symmetric shear flow.
u =
P
k ek fk=?u = tG=2?? (8)???????
u = u + u; (9)
??????? (7)? u = tG=2???????
u(x f ; t) =
NX
b
u(xb; t)D(x f   xb)s; (10)
???????????? u(xb) = ub????????
?????????u(xb) = ud(xb)???????? (5)?
(9)?(10)??????????
AX = B; (11)
????
X = (u1; u2;    uN)T ; (12a)





u(x f )D(x f   xb)2x; (12c)
????? (11)?????????????? u??
?????? G = 2u=t ?????????
Implicit correction method?? (4)? TRT?????
?????????? Fk = (Fk  F¯k)=2??????
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(a) SRT direct forcing method
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(b) TRT direct forcing method
?–2 Velocity profiles for the symmetric shear flows.
?????????????????????????
fk(x + ekt; t + t) = fk(x; t)
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F k (x; t); (13)
??????????????TRT??????? Im-
plicit correction method (TRT implicit correction method)
????????????????????  = (4++
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analytical solution Eq. (14)
SRT direct forcing method
MRT direct forcing method
TRT direct forcing method
●
+
(a) Boundary slip velocity
























analytical solution Eq. (15)
SRT direct forcing method
MRT direct forcing method





















analytical solution Eq. (16)
SRT direct forcing method
MRT direct forcing method
TRT direct forcing method
●
+
(c) Fluid velocity at boundary
?–3 Comparison of the analytical and numerical solutions
depending on the relaxation time.
3. ????
Fig.1 ??????????? 200  200 ?????
y = 50x ? y = 150x ?????????????
????????????????? ud = 0:01c ?
 ud =  0:01c???????????? (x = 100)?
??? x????? u??????????????
?????????? Fig.2????SRT direct forcing
method????TRT direct forcing method?????
?????????????????????????
TRT direct forcing method ????????? usj0=ud?
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(a) SRT implicit correction method
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(b) TRT implicit correction method
?–4 Velocity profiles for the symmetric shear flows.
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analytical solution Eq. (17)
MRT split forcing method
SRT implicit correction method
MRT implicit correction method








(a) Boundary slip velocity
























analytical solution Eq. (18)
MRT split forcing method
SRT implicit correction method
MRT implicit correction method























analytical solution Eq. (19)
MRT split forcing method
SRT implicit correction method
MRT implicit correction method








(c) Fluid velocity at boundary
?–5 Comparison of the analytical and numerical solutions





4   724   +6    6 + + 3
h
4   1332   +8    8 + + 4
; (19)
? Fig.4???????????? Fig.5????Fig.5
????????Lu???MRT split forcing method[7]
???????????Implicit correction method ?
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d
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1; jrj = 0;
0; jrj , 0; (20)
????TRT???????? IB-LBM??????
????????????? Fig.6????Fig.6(b)?
????TRT implicit correction method???????
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(a) TRT direct forcing method
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(b) TRT implicit correction method
































?????? [13]?? (21)?(22) ????? Fig.6 ?
?????????? Fig.7 ????? (21)?(22) ?
??????????Direct forcing method ?????
Implicit correction method?????????????


















analytical solution Eq. (21)
analytical solution Eq. (22)
TRT direct forcing method
TRT implicit correction method+
(a) Boundary slip velocity




















analytical solution Eq. (21)
analytical solution Eq. (22)
TRT direct forcing method
TRT implicit correction method+
(b) Velocity gradient













analytical solution Eq. (21)
analytical solution Eq. (22)
TRT direct forcing method
TRT implicit correction method+
(c) Fluid velocity at the boundary
?–7 Comparison of the analytical and the numerical solu-
tions using a non-smoothed delta function.
?????? Fig.7????????????????
? u j0=ud ????????????????????
?????????????????????????
?????? Re=10?20?40??????????
???? IB-LBM ??????Re = 40?20?10??




????????SRT direct forcing method ?????





??SRT implicit correction method?????????
?????????????????Fig.10(d)???
??TRT implicit correction method?????????
?????????Fig.10(c)???????????
???????????TRT implicit correction method


















?–1 Comparison of drag coecient, wake length, and sepa-
ration angle.
Re References Cd 2L=D s
40 Dennis and Chang [10] 1.522 4.69 53.8
Nieuwstadt and Keller [11] 1.550 4.357 53.34
He and Doolen [12] 1.499 4.490 52.84
Present study 1.568 4.640 50.38
20 Dennis and Chang [10] 2.045 1.88 43.7
Nieuwstadt and Keller [11] 2.053 1.786 43.37
He and Doolen [12] 2.152 1.842 42.96
Present study 2.104 1.900 40.78
10 Dennis and Chang [10] 2.846 0.53 29.6
Nieuwstadt and Keller [11] 2.828 0.434 27.96
He and Doolen [12] 3.170 0.474 26.89
Present study 2.920 0.520 26.36
(a) SRT direct forcing method (b) MRT split forcing method
(c) SRT implicit correction method (d) TRT implicit correction method
?–8 Streamlines for a flow past a circular cylinder at Re =
40. The relaxation time is equal to 1.25
(a) SRT direct forcing method (b) MRT split forcing method
(c) SRT implicit correction method (d) TRT implicit correction method
?–9 Streamlines for a flow past a circular cylinder at Re =
20. The relaxation time is equal to 2.0
(a) SRT direct forcing method (b) MRT split forcing method
(c) SRT implicit correction method (d) TRT implicit correction method
?–10 Streamlines for a flow past a circular cylinder at Re =
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